A Disintegrin And Metalloprotease (ADAM) family members expressed in male reproductive tissues are divided phylogenetically into three major groups. In the present study, we analyzed six ADAMs in one of the groups (ADAMs 4, 6, 24, 26, 29, and 30) of which function is largely unknown. Our results showed that most of the ADAMs undergo unique processing during sperm maturation and are located at the surface of sperm head. We found that the levels of ADAM4 and ADAM6 are dramatically reduced in Adam2 and Adam3 knockout sperm defective in various fertilization processes. We observed premature processing of ADAM4 in the Adam3-null mice. Furthermore, we obtained a result showing complex formation of ADAM6 with ADAM2 and ADAM3 in testis. Taken together, these results disclose involvement of ADAM4 and ADAM6 in a reproductive ADAM system that functions in fertilization.
INTRODUCTION
A Disintegrin And Metalloprotease (ADAM) family members are transmembrane glycoproteins containing conserved multiple domains, such as pro-domain, metalloprotease, disintegrin, cysteine-rich, epidermal growth factor (EGF)-like, transmembrane, and cytoplasmic tail domains. Of 33 known ADAMs, 18 are expressed exclusively or predominantly in the male reproductive tissues [1] [2] [3] [4] [5] [6] . These 18 ADAMs are divided into phylogenetically three major groups: ADAMs 1, 4, 6, 20, 21, 24, 25, 26, 29, 30 , and 34 (group I); ADAMs 2, 3, 5, 27, and 32 (group II); and ADAMs 7 and 28 (group III) [7] [8] [9] [10] [11] . Of these reproductive ADAMs, nine have been studied at the protein level in mouse; they are ADAMs 1, 2, 3, 5, 7, 24, 27, 28, and 32 [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Thus, all the group II and group III ADAMs, but not the group I ADAMs, have been investigated. Notably, the group I ADAM genes lack introns in their coding sequences [7, 8] . In addition, most contain a consensus sequence, HEXGHXXGXXHD, for an active metalloprotease site; these are ADAMs 1, 20, 21, 24, 25, 26, and 30 . Although the other group I ADAMs (ADAMs 4 and 29) do not possess the correct amino acid sequence to be a functional protease, they show high similarity to the consensus sequence at the position of the metalloprotease active site. These features of group I ADAMs present a contrast to those of ADAMs belonging in groups II and III.
Previous mouse knockout studies of ADAMs 1A, 1B, 2, and 3 showed that male mice with deletion in the Adam1a, Adam2, or Adam3 gene are infertile and that their sperm are defective in the fertilization process [15, 16, 20, 24, 28] . Adam1a and Adam2 knockout sperm, but not Adam3 knockout sperm, are impaired in migration from the uterus to the oviduct. Adam1a, Adam2, and Adam3 knockout sperm are all defective in binding to the egg zona pellucida. The remarkable feature of these knockouts is a display of a complicated relationship among the ADAM1A, ADAM1B, ADAM2, and ADAM3 proteins. This relationship can be comprehended through reflection on findings regarding the presence of the ADA-M1A/ADAM2 complex in testicular germ cells and the ADAM1B/ADAM2 and ADAM2/ADAM3 complexes in testicular germ cells and mature sperm [18, 23, 24, 28, 29] . In addition to the relationship of these ADAM proteins, we previously found that of the phylogenetic group II and group III ADAMs, ADAM5 and ADAM7 are potentially associated with ADAM2 and ADAM3 [27] .
In the present study, to explore thoroughly the other testicular ADAMs in fertilization, we analyzed the phylogenetic group I ADAMs of which characteristics are largely unknown at the protein and functional levels; these are ADAMs 4, 6, 24, 26, 29, and 30 . We provide new and extensive information regarding these ADAM proteins. In particular, using the Adam knockouts, we found that the protein integrity of ADAM4 and ADAM6 depends on ADAM2 and ADAM3. Furthermore, we obtained new data that ADAM4 is processed prematurely in the absence of ADAM3, that ADAM6 is localized on the surface overlaying the acrosome and the posterior regions of the sperm head, and that, remarkably, ADAM6 forms a complex with ADAM2 and ADAM3. Thus, the present study uncovers the participation of unexplored ADAM members in the ADAM functional network.
MATERIALS AND METHODS

Antibodies
Polyclonal antisera against mouse ADAMs 4, 6, 24, 26, 29, and 30 were produced from rabbits immunized with various fusion proteins: glutathione Stransferase (GST)-disintegrin domain of mouse ADAM4 (amino acids 419-507), GST-disintegrin domain of ADAM6 (amino acids 417-506), GSTdisintegrin domain of ADAM26 (amino acids 391-480), GST-cytoplasmic domain of mouse ADAM24 (amino acids 723-761), GST-cytoplasmic domain of ADAM29 (amino acids 710-763), and His-tagged cysteine-rich and EGFlike domain of mouse ADAM30 (amino acids 485-685). Polyclonal antibodies were affinity-purified using corresponding fusion proteins and the AminoLink Immobilization kit (Pierce). Affinity-purified rabbit polyclonal antibodies against ADAMs 2, 5, and 32 were generated from immunized sera with GST-tagged, corresponding ADAM proteins [27] . Monoclonal antimouse ADAM3 (7C1.2) were purchased from Chemicon. Secondary antibodies used in immunofluorescence and Western blot analysis were Rodamine Red-X goat anti-rabbit IgG (Molecular Probes) and horseradish peroxidase (HRP)-conjugated goat anti-rabbit and anti-mouse IgG (Jackson ImmunoResearch).
Western Blot Analysis
Proteins denatured by boiling for 5 min in the presence of 3% SDS and 5% b-mercaptoethanol were separated by SDS-PAGE and transferred onto a polyvinylidene difluoride membrane (pore size, 0.2 lm; Bio-Rad Laboratories). After blocking with 5% nonfat dry milk in TBS-T (TBS [50 mM Tris-HCl, pH 7.5, and 150 mM NaCl] and 0.1% Tween 20), the blots were incubated with primary antibodies for 1 h, followed by three washes of 10 min each with TBS-T, and then incubated with HRP-conjugated secondary antibodies for 1 h at room temperature. Following three washes in TBS-T, proteins were detected using a chemiluminescence kit (Pierce). For reprobing, Western blots were stripped in a solution containing 100 mM mercaptoethanol, 2% SDS, and 62.5 mM Tris-HCl (pH 6.7) at 608C for 1 h, followed by several washes in TBS-T.
Preparation of Sperm Head and Tail Fractions
Sperm from cauda epididymis and vas deferens were directly released and washed with 13 PBS. Collected sperm were resuspended in 2.5 ml of PBS containing 2 mM ethylene glycol tetraacetic acid and 1 mM b-mercaptoethanol. After sonication for four 10-sec bursts, an equal volume of 1.8 M sucrose was added, and the suspension was layered over a discontinuous sucrose gradient containing equal volumes of 2.05 M and 2.2 M sucrose solutions. The sample was centrifuged at 100 000 3 g for 16 h at 48C. The sperm heads and tails were collected from the pellet at the bottom and the middle, respectively, of the 2.05 M sucrose layer [30] . The heads and tails were washed with 13 PBS and subjected to Western blot analysis.
Isolation of Spermatogenic Cells and Sperm
Cells were prepared from 8-wk-old ICR male mice and Adam2 (Adam2 ) knockout mice [15, 20] . All animal investigations were carried out according to the guidelines for the animal care and use of Gwangju Institute of Science and Technology and the University of California at Davis. Spermatogenic cells (testicular germ cells and testicular sperm) were isolated by 52% Percoll gradient (Amersham Biosciences) [31] . Sperm from cauda epididymis and vas deferens were released directly into PBS. The collected cells were directly resuspended in 13 SDS sample buffer containing 3% SDS and boiled for 5 min. The samples were either nonreduced or reduced with 5% b-mercaptoethanol.
Biotinylation and Trypsinization of Sperm Surface Proteins
Sperm from cauda epididymis and vas deferens were kept at room temperature for 30 min in PBS containing 1 mg/ml of sulfo-NHS-LC-biotin (Pierce) or kept on ice for different periods of time in PBS containing 0.5 mg/ ml of trypsin (Sigma). The biotinylated sperm were washed three times with PBS, and the trypsinized sperm were washed three times with PBS containing with 13 protease inhibitor cocktails (Calbiochem). The biotinylated or trypsinized sperm were boiled with 3% SDS and 5% b-mercaptoethanol, run on SDS-PAGE, and analyzed by Western blot analysis.
Sperm Immunofluorescence
Mouse cauda epididymal sperm were fixed on slide glass in 4% paraformaldehyde for 10 min. The sperm on the slide were then permeabilized by 0.2% Triton X-100 for 2 min at room temperature and washed with PBS. All subsequent incubations were performed at room temperature, and all dilutions and washes were performed in 13 PBS. After washing, sperm were blocked with normal goat serum for 30 min and then incubated in 10 lg/ml of primary antibody for 1 h. Following three washes, sperm were incubated with Rodamine Red-X goat anti-rabbit IgG (1:1000) for 1 h, fluorescein isothiocyanate (FITC)-conjugated lectin PSA (Pisum sativum agglutinin; 20 lg/ml in PBS, Sigma) for 10 min, and Hoechst 33258 (Sigma) for 30 sec. Then, sperm were washed again and mounted in antifade medium. Fluorescence on sperm was observed using a microscope (DMLB; Leica Microsystems).
Acrosome Reaction of Sperm
Sperm were collected from cauda epididymis and incubated in M16 containing 0.3% bovine serum albumin and 10 lM A23817 (Sigma) at 378C with 5% CO 2 for 1 h. The FITC-PSA was used to assess the acrosome reaction, because it specifically binds to glycoproteins in the acrosome and, thus, verifies the acrosomal status [32] .
Immunoprecipitation
Whole testicular cells from wild-type, Adam2
, and Adam3 À/À mice were lysed in a lysis buffer (1% n-octyl b-D-pyranoglucoside, 500 mM NaCl, and 5 mM ethylenediaminetetra-acetic acid) including protease inhibitors on ice for 1 h. Next, 1.5 mg of testis lysates were incubated with 5 lg of the anti-ADAM6 antibody or normal rabbit serum at 48C under rotary agitation for 4 h. Protein A beads were added to the lysates, and the mixture was incubated for 4 h at 48C with rocking. After washing the beads in the lysis buffer three times, immune complexes were boiled for 10 min in 30 ll of 13 SDS sample buffer. Total cell lysates and immunoprecipitates were subjected to SDS-PAGE under reducing condition and then analyzed by Western blotting.
FIG. 1. Specificities and authenticity of antibodies.
A) The specificities of affinity-purified antibodies against ADAMs 4, 6, 24, 26, 29, and 30 were tested by immunoreactivities with recombinant ADAMs. Recombinant ADAMs were the GST-tagged disintegrin domains of ADAM4, ADAM6, and ADAM26; GST-cytoplasmic tail domains of ADAM24 and ADAM29; and His-tagged, cysteine-rich and EGF-like domains of ADAM30 produced in Escherichia coli. A gel containing the recombinant proteins was stained with Coomassie brilliant blue (CBB). D, disintegrin domain; C, cytoplasmic domain; CysE, cysteine-rich and EGF-like domains. B) The specificities of the antibodies were further tested using MYC/His-tagged ADAMs 6, 24, 29, and 30 expressed in Human Embryonic Kidney 293 cells.
RESULTS
Generation and Specificity of Antibodies
To investigate the characteristics of proteins encoded by the Adam genes in the phylogenetic group I, we produced GST recombinant proteins and a protein with a His epitope tag containing the various domains of mouse ADAMs 4, 6, 24, 26, 29, and 30. These proteins were used for the production of polyclonal antibodies. We examined the specificity and authenticity of the antibodies. Each antibody was found to detect only the corresponding antigen by immunoblot analysis (Fig. 1A) , indicating the absence of antibody cross-reactivity among the ADAMs. The specificity of some of the antibodies was verified further by specific immunoreactivities with the ADAM proteins expressed in human embryonic kidney cells transfected with full-length ADAM cDNA sequences (Fig.  1B ).
Biochemical and Cellular Characteristics of ADAMs
To determine whether these ADAM proteins are present in spermatogenic cells and mature sperm, we performed Western blot analysis on cells from different stages during sperm development and maturation ( Fig. 2A) . The anti-ADAM4 antibody recognized a specific band of 100 kDa in the testicular cell and testicular sperm samples and a 75-kDa band in sperm from cauda epididymis and vas deferens (Fig. 2B) . Similarly, the anti-ADAM6 antibody recognized a 110-kDa band in testicular cells and testicular sperm and an 80-kDa band in mature sperm. Using the antibody against ADAM24, we detected a single band of 110 kDa in the testicular samples and an 85-kDa band in mature sperm. This is consistent with a previous report on the processing of mouse ADAM24 [21] . The anti-ADAM26 and anti-ADAM30 antibodies recognized bands of 120 and 100 kDa, respectively, in spermatogenic cells. In addition to the 100-kDa precursor, a 60-kDa band was detected by the anti-ADAM30 antibody in testicular cells. Because the molecular size of the 60-kDa protein was not decreased under a nonreducing condition (Fig. 2C) , the band likely is a non-ADAM protein nonspecifically recognized by the antibody in the Western blot (see below). It should be noted that the molecular weight of ADAM30 is slightly increased in testicular sperm. Posttranslational modification might occur in ADAM30 during the stages from testicular cells to testicular sperm. As with ADAMs 4, 6, and 24, we observed bands with reduced molecular mass in mature sperm in these ADAMs: 85 kDa for ADAM26, and 70 kDa for ADAM30. Finally, a 100-kDa protein was recognized by the anti-ADAM29 antibody in testicular cells and testicular sperm, but no band was detected in mature sperm (Fig. 2B) . Thus, ADAM29 could be absent Three populations of cells analyzed in the present study are shown: testicular (spermatogenic) cells, testicular sperm, and mature sperm. B) ADAMs were investigated at the three different developmental stages. Testicular cells (TC) and testicular sperm (TS) were prepared using 52% Percoll, and mature sperm (S) were isolated from cauda epididymis and vas deferens. Samples were boiled in 3% SDS with 5% b-mercaptoethanol and then analyzed with the purified antibodies in Western blot analysis. Upper and lower arrows indicate precursor and processed forms of ADAMs, respectively. C) ADAM30 was analyzed in reduced (þ) and nonreduced (À) testicular cell samples using 5% b-mercaptoethanol (b-ME). A 60-kDa protein was not decreased under the nonreducing condition.
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from mature sperm or be undetectable by the antibody because of processing or modification in the cytoplasmic domain (see Discussion). Taken together, the results of our Western blot analysis demonstrate that most of the group I ADAMs are synthesized as large precursors (100-120 kDa) in testicular cells and are present as lower-molecular-weight forms (;70-80 kDa) in mature sperm. This indicates developmental processing unique to the group I ADAMs-namely, that the N-terminal pro-domains (;20 kDa) are cleaved from the precursor forms during sperm passage through the epididymis.
To investigate the biochemical and cellular properties of the ADAMs in sperm, various characteristics of the processed ADAMs from mature sperm were determined and compared. Under nonreducing conditions, the molecular sizes of ADAMs 4, 6, 24, 26, and 30 were decreased (Fig. 3) , consistent with the typical characteristics of ADAMs having considerable numbers of cysteine residues [18] . To elucidate the distribution of the ADAM proteins in mature sperm, head and tail fractions were prepared from epididymal sperm and analyzed by Western blotting. All five ADAM proteins were found to be located in the head region of mature sperm (Fig. 4A) . To investigate further the subcellular localization of the ADAM proteins, we performed cell surface labeling and trypsinization experiments. Sperm surface labeling with biotin resulted in increases in the molecular sizes of all the ADAM proteins (Fig. 4B) . Consistent with this result, these ADAM proteins were affected by sperm surface trypsinization in a time-dependent manner (Fig. 4C) . Collectively, these results suggest that ADAMs 4, 6, 24, 26, and 30 are located on the surface of the sperm head.
Protein Integrity of ADAMs in Adam2 and Adam3
Knockout Mice
Our previous report on ADAM integrity in mouse knockouts indicated the presence of a relationship among the protein levels of ADAMs 2, 3, and 5 during sperm development [27] . To investigate whether ADAMs 4, 6, 24, 26, and 30 are further related, we examined the levels of these ADAMs in testicular ) and Adam3 À/À (3 À/À ) mice were subjected to Western blot analysis using antibodies to the ADAMs. Only the areas of the blots containing the precursor forms of ADAMs in testicular cells and testicular sperm and mature forms of ADAMs in caudal and vas deferens sperm are shown. S, caudal and vas deferens sperm; TC, testicular cell; TS; testicular sperm; W, wild type. B) The intensities of the signals in the Western blot data were densitometrically measured from three independent experiments. The relative amounts of ADAMs in Adam2-and Adam3-null sperm were represented as a mean percentage of control (wild type) 6 SD. WT, wild-type. *P , 0.001. C) Whole area of Western blot data for ADAM4 (it is shown partially in A). Lysates from testicular cell (2 3 10 5 cells), testicular sperm (2 3 10 5 sperm), and mature sperm (10 6 sperm) were analyzed. Processing ADAM4 took place prematurely before or at the stage of testicular sperm. , and Adam3 À/À mice. It was found previously that the levels of ADAM2 and ADAM5 are partially reduced in Adam3 À/À sperm and that Adam2-null sperm barely contain ADAM3 and ADAM5 [20, 24, 27] , and this result was confirmed in the present study (Fig. 5A) . ADAMs 4, 6, 24, 26, and 30 were normally expressed in ADAM2-and ADAM3-deficient testicular cells. In the present results, we found that the levels of ADAM4 and ADAM6, but not of ADAM24, ADAM26, and ADAM30, were significantly changed in both Adam2 and Adam3 knockout testicular and mature sperm relative to those of wild-type sperm (Fig. 5, A and B) . The loss of ADAM2 resulted in the severe reduction of ADAM4 in mature sperm (10% of wild-type sperm), and Adam3-null sperm also contained significantly reduced ADAM4 (34% of wild-type sperm) (Fig. 5, A and B) . Interestingly, premature processing of ADAM4 was observed in Adam3 À/À testicular sperm (Fig. 5C ), suggesting the dependence of ADAM4 processing on the integrity of ADAM3. Among all the ADAMs analyzed in the present study, the altered pattern of processing was found only in ADAM4. The most dramatic change in protein level was observed in ADAM6: This protein almost disappeared from both Adam2-and Adam3-null sperm (2% and 5%, respectively, of wild-type sperm) (Fig. 5, A and B) . Taken together, these results demonstrate that ADAM4 and ADAM6 are synthesized normally but are lost during sperm development in the Adam2-and Adam3-null mice, uncovering a new relationship of ADAM4 and ADAM6 with ADAM2 and ADAM3, which play critical roles in the process of fertilization.
Distribution of ADAM6 in Sperm
To examine further the subcellular localization of those ADAM proteins with the changes in protein level in the knockouts, we performed immunofluorescence on acrosomeintact and acrosome-reacted sperm. The antibody to ADAM6, but not the antibody to ADAM4, displayed immunoreactivity in sperm. We observed fluorescent staining distributed to the acrosomal crescent and posterior head region on acrosomeintact sperm but restricted to the posterior head region after acrosome reaction (Fig. 6A) . To confirm the specificity of immunofluorescence signals of ADAM6, we tested ADAM6 for its presence in sperm from wild-type, Adam2-null, and Adam3-null sperm. The immunoreactive signals of ADAM6 apparently disappeared in both mutant sperm (Fig. 6B) . Thus, this result (together with the data shown in Fig. 4) indicates that ADAM6 is authentically located on the sperm surface overlaying the acrosome and the posterior regions of the 
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sperm head. Because ADAM3 is localized on the anterior region of sperm head [25] , our finding of ADAM6 localization on sperm discloses that the protein is related to ADAM3, at least in part, in an indirect manner (see Discussion).
Association of ADAM6 with ADAM2 and ADAM3
To investigate further the molecular basis for the loss of ADAM4 and ADAM6 in Adam2 À/À and Adam3 À/À mice, we carried out an immunoprecipitation analysis. The anti-ADAM6 antibody, but not anti-ADAM4 antibody, was able to effectively immunoprecipitate the native ADAM6 protein in testicular lysates (Fig. 7A) . We also attempted to immunoprecipitate the protein in lysates from mature sperm, but we were unable to identify the ADAM6 band (the processed form) in the Western blot analysis after immunoprecipitation (data not shown). The anti-ADAM6 antibody likely is unable to recognize the native form of the processed ADAM6, potentially because of conformational change. Wild-type testicular protein samples immunoprecipitated with the anti-ADAM6 antibody were immunoblotted with antibodies against ADAMs 2, 3, 4, and 5. The Adam2 À/À and Adam3 À/À testes also were analyzed as controls. As shown in Figure 7B , protein samples immunoprecipitated with ADAM6 apparently contained ADAM2 and ADAM3 but not ADAM4 and ADAM5.
This strongly suggests the association of ADAM6 with ADAM2 and ADAM3. An additional notable feature in this result is that the ratios of the precipitated ADAM2 and ADAM3 to the total (input) ADAM2 and ADAM3 were lower than the proportion of the ADAM6 in the precipitated samples to total ADAM6 (Fig. 7B) . This implies the presence of at least two complexes involving ADAM2 and ADAM3 (i.e., ADAM6-associated and ADAM6-free complexes). Taken together, our findings suggest the direct influence of ADAM2 and ADAM3 on the expression and function of ADAM6 in spermatogenic cells and mature sperm.
DISCUSSION
In the present study, we analyzed various protein characteristics of the testicular ADAMs in the phylogenetic group I, including ADAMs 4, 6, 24, 26, 29, and 30. We found that most of these ADAM proteins are the same in terms of developmental timing of expression and the nature of processing and subcellular localization. The ADAMs are present as large precursors (100-120 kDa) in the testis, and all except ADAM29 are processed to mature forms (70-85 kDa) between the stages of testicular sperm and cauda epididymal sperm. We identified ADAM29 in testicular cells and testicular sperm (110 kDa) but not in mature sperm. It should be noted that the antibody used in the present study is directed against the
A) The expression levels of ADAMs in the Adam knockout cells, based on the previous and present findings. The levels of proteins, represented as bars, are percentages of those in wildtype cells (100%). ND, not determined; NP, not present; KO, knockout. B) ADAM1B and ADAM2 form the heterodimeric complex in sperm. ADAM1A and ADAM2 also form a heterodimer, but it is missing in mature sperm [23] . Extending our findings on the ADAM2/ADAM3/ADAM6 complex, ADAMs 2, 3, 4, 5, and 6 might form various multiple complexes. In the complexes, ADAM2 is central to the stability of the associated proteins. A portion of ADAM6 might not be directly associated with the ADAM2/ADAM3 complex. This part of ADAM6 is regulated by ADAM3 or the ADAM1A/ADAM2 complex in during sperm development.
cytoplasmic domain of ADAM29, and it might be unable to recognize the protein if the cytoplasmic domain is processed or modified in the mature form. A similar observation has been made regarding ADAM2 [18] . Our finding about the processing pattern of the group I ADAMs suggests that the pro-domain is removed during sperm maturation. This presents an apparent contrast to other ADAMs belonging to the phylogenetic group II. Previous studies indicate that the proteolytic processing of the group II ADAMs removes the metalloprotease domain as well as the pro-domain [14, 18, 20, 27, 33] . The ADAM4, ADAM6, ADAM24, ADAM26, and ADAM30 proteins all decrease in their molecular sizes under nonreducing conditions. In subcellular localization, all these ADAMs are present on the surface of mature sperm. In this regard, it should be noted that most of the ADAMs (with ADAM30 being the exception) also are located on the cell surface at the testicular sperm stage (data not shown).
Our further analysis showed that despite their common characteristics for processing and localization, the ADAMs differ in the regulation of maintaining their integrity. Previous studies have indicated that a number of the testicular ADAMs have intricate expressional relationships, based on protein expression phenotypes in the mouse knockouts of Adam1a, Adam1b, Adam2, and Adam3 [15, 18, 20, 24, 27, 28] . It should be noted that each of the ADAM1 isoforms (ADAM1A and ADAM1B) is complexed with ADAM2 to form a heterodimer [18, 22, 23] . In Adam1a-null mice, ADAM1B and ADAM2 are normally present in both testicular cells and epididymal sperm. Thus, between the ADAM1A/ADAM2 and ADAM1B/AD-AM2 heterodimers, only the ADAM1A/ADAM2 complex is missing in ADAM1A-deficient mice. The loss of ADAM1A does not affect the level of ADAM3 in testicular cells, but it does result in the severe reduction of ADAM3 in epididymal sperm [24] . In the ADAM1B-deficient mice, ADAM2 is normally present in testicular germ cells but severely reduced in mature sperm [28] . In Adam2 À/À testicular cells, the amount of ADAM1A is normal, but the level of ADAM1B is significantly reduced. Adam2-null sperm completely lack ADAM1B. Accordingly, both the ADAM1A/ADAM2 and ADAM1B/ADAM2 complexes are absent in Adam2-knockout mice. Like in Adam1a knockouts, Adam2 null testicular cells normally contain ADAM3, but the protein is barely present in mature sperm [15, 18, 24] . Common protein expression phenotypes between Adam1a and Adam2 knockouts are the absence of the ADAM1A/ADAM2 heterodimer in testicular cells and severe loss of ADAM3 in epididymal sperm. Unlike Adam1a and Adam2 knockouts, in Adam3-null mice, only the level of ADAM2 is weakly reduced in epididymal sperm [24] . In relation to this, the loss of ADAM3 starts from the stage of testicular sperm in Adam2-null mice [26] and, furthermore, ADAM3 is, indeed, associated with ADAM2 on the surface of testicular germ cells and mature sperm [29] . Our previous report indicates that in addition to these ADAMs, ADAM5 also is related to ADAM2 and ADAM3. ADAM5 is present at a normal level in Adam2 À/À and Adam3 À/À testicular cells but significantly reduced in sperm from both knockout mice [27] . In the present study, we found, to our knowledge for the first time, that ADAM4 and ADAM6 are affected by the loss of ADAM2 and ADAM3. The ADAM4 and ADAM6 proteins are normally present in Adam2-and Adam3-null testicular cells. However, ADAM4 is almost missing and significantly reduced in Adam2-and Adam3-null sperm, respectively. ADAM6 is barely present in both knockout sperm. Thus, of the ADAMs for which protein levels have been measured in the ADAM knockouts, ADAM6 is the most widely and severely affected. Importantly, we demonstrate complex formation of ADAM6 with ADAM2 and ADAM3, elucidating the mechanism by which the ADAM6 level is severely reduced in Adam2 À/À and Adam3 À/À mice. Collectively, the previous and present studies imply that ADAMs 1A, 2, 3, 4, 5, and 6 are largely interrelated during sperm development and maturation.
Based on all the findings described above, we summarize the ADAM protein levels in the Adam knockouts (Fig. 8A) , proposing a working model to clarify the relationship involving ADAM4 and ADAM6 (Fig. 8B) . First, the existence of heterodimers, such as ADAM1A/ADAM2, ADAM1B/AD-AM2, and ADAM2/ADAM3, has been demonstrated previously [18, 24, 27, 29] . Besides these complexes, we propose that ADAMs 4, 5, and 6 are associated with the known ADAM2/ADAM3 complex, forming multiple complexes, such as ADAM2/ADAM3/ADAM4, ADAM2/ADAM3/ADAM5, and ADAM2/ADAM3/ADAM6. In the present study, the presence of the latter complex was clearly demonstrated. In these complexes, ADAM2 plays a central role in maintaining the stability of the associated proteins. This is based on previous and present findings that the loss of ADAM2 resulted in the severe reduction of ADAMs 3, 4, 5, and 6 in mature sperm (Fig. 8A) . In contrast, the reduction in the amount of these ADAM proteins in ADAM3-deficient sperm was not as dramatic as that in ADAM2-deficient sperm (Fig. 5) [27] . Second, the processing of the ADAMs likely is dependent on the integrity of the complex, as found for ADAM4, of which the processing timing is altered in the absence of ADAM3. In addition, premature processing of ADAM4 in testicular sperm from Adam3-null mice implies that the cellular source of a processing enzyme is sperm rather than the epididymis. Finally, a fraction of ADAM6 possibly is not associated with the ADAM2/ADAM3 complex, and its integrity could be regulated by ADAM3 or the ADAM1A/ADAM2 complex in testicular cells. This is based on previous and present results that ADAM3 is located on the anterior part of sperm head [25] and that ADAM6 is localized on the acrosomal and posterior regions of sperm head (Fig. 6) . Despite the presence of the portion of ADAM6 in the sperm region lacking ADAM3 (posterior region), ADAM6 is barely present in Adam2-and Adam3-null sperm. In relation to this, it is noteworthy that ADAM3 is associated with calnexin, one of the chaperone molecules [29] , and the ADAM1A/ADAM2 complex has been suggested to contain a chaperone-like activity [24] .
An intriguing feature of the ADAM knockouts is the tangled relationship between the protein phenotypes and fertilization phenotypes. Adam1a and Adam2 knockout sperm, but not Adam1b-and Adam3-null sperm, are defective in migration from the uterus to the oviduct [15, 20, 24, 28] . As described above, both Adam1a and Adam2 knockout mice lack the ADAM1A/ADAM2 heterodimer in testicular cells and have ADAM3 at severely reduced level in mature sperm. Because Adam3 knockout sperm are normal in progression into the oviduct, ADAM1A/ADAM2 heterodimer, but not ADAM3, is implicated in sperm migration. In addition, as shown in our previous and present studies, ADAMs 4, 5, and 6 are nearly missing in Adam2 knockout sperm [27] . To our knowledge, expression levels of these ADAMs in Adam1a-null sperm have not been measured. These ADAMs also are affected in Adam3-null sperm. Nonetheless, the amount reduction of ADAM4 and ADAM5 in Adam3-null sperm is less severe than that in Adam2 knockout sperm. To answer whether these two ADAMs are involved in sperm migration in the female reproductive tracts will require further investigation. Another apparent fertilization phenotype of the Adam knockouts is the impaired binding of sperm to the egg zona pellucida. Adam1a-, Adam2-, and Adam3-null sperm are all defective in this fertilization RELATIONSHIP OF ADAMS IN FERTILIZATION process and contain in common either no or a very low level of ADAM3 in mature sperm. Indeed, ADAM3 has been shown to contain a zona-binding activity [34] . The levels of ADAMs 4, 5, and 6 are dramatically reduced in Adam3 knockout sperm. Thus, it is important to note that these ADAM proteins associated with ADAM3 might play a role in stabilizing or maintaining the activity of ADAM3 required for sperm-zona adhesion.
In summary, we have analyzed ADAMs 4, 6, 24, 26, 29, and 30, which belong to one of the major ADAM phylogenetic groups. We provide new and comprehensive information regarding the various protein characteristics of these ADAMs, such as the nature of processing, biochemical properties, and subcellular localization. Furthermore, using the Adam knockouts, we disclosed a linkage of ADAM4 and ADAM6 with the known ADAM2/ADAM3 complex. We provide direct evidence for the complex formation between ADAM6 and ADAM2/ADAM3. This new ADAM relationship is potentially central to the activity of an ADAM protein network critical for fertilization. Overall, the present study provides an in-depth insight regarding a male reproductive ADAM system, marking an advance in our understanding of mammalian fertilization.
